INTRODUCTION
Riparian vegetation increases resistance and surface roughness, slowing, intercepting and otherwise influencing overland, subsurface and groundwater flows (Welsch, 1991) . Natural plant species composition and the extent of the riparian zone vary from region to region and depend on factors such as climate, geology, geomorphology, slope and biome (Gregory et al., 1991; Tilman et al., 1997 ). An internationally recommended riparian buffer width, optimising the protection of water quality and all other ecosystem services, is 5-30 m (Broadmeadow and Nisbet, 2004; Fischer and Fischenich, 2000; Jontos 2004 ). Many riparian zones worldwide are being degraded by infringing land use practices such as livestock grazing, agriculture or urbanization, alien plant invasions or increased pollution levels in the catchment (Clericia et al., 2014; Wantzen et al., 2013) . These activities reduce the capacity of riparian zones to perform their ecosystem services, further degrading the integrity of the surrounding ecosystem.
The Olifants River is one of South Africa's most polluted catchments, in which urbanisation, mining and agriculture have been ongoing and expanding for more than a century (Driescher, 2008; Oberholster et al., 2010) . For the Olifants River catchment, the riparian vegetation not only provides bank stabilization and retains pollutants from surface runoff, it is also exposed to increasing metal concentrations accumulating in the soil, deposited from upstream mining practices. The most common metals prevalent in the Olifants River catchment are aluminium (Al), iron (Fe) and manganese (Mn) (Oberholster et al, 2010; Tiwary, 2001) leached from the earth by acid mine drainage (AMD). Both Fe and Mn are essential nutrients; their toxicity, however, depends on the dosage, and these metals can become toxic in acidic, sulphate-rich soils (Asch et al., 2005; DWAF, 1996; Duncan, 1999) .
The ability of particular plant species to tolerate and remediate certain kinds of pollution, through either phytoextraction or phytostabilization, can be used advantageously in river pollution control and rehabilitation efforts. In phytoextraction, selected plants accumulate high concentrations of metals in their shoot tissue, making it possible to harvest and sometimes even use them as a metal resource (O'Niell and Nzengung, 2004; USEPA, 2000) . Phytostabilization means that plants stabilize or immobilize the metals in the soil, thereby delaying and reducing metal transport downstream. Phytostabilization is achieved through the root growth and minimal translocation of metals from the root to shoot or organic litter (Mertens et al., 2004) . Any restoration efforts that use phytoextraction and phytostabilization need to carefully consider that selected species are acclimatised to surrounding conditions and that selected plant species show rapid propagation and high biomass.
Firstly, the current study determined the water quality of riparian zones with varying degrees of intactness. Considering these study areas, the photostabilizing capacities of 7 species, common to the existing Olifants River's riparian vegetation zone, were established. These investigations then aimed to determine whether these species would prove useful in river rehabilitation efforts, possibly improving river water quality with depleting
METHODS AND MATERIALS

Study area
The Upper Olifants catchment receives summer rainfall, ranging between 550 mm/a to 900 mm/a, while winters are very dry. The upper catchment vegetation types are primarily grassland and bushveld (Mucina and Rutherford, 2006) . Previous riparian vegetation assessments have classified different vegetation zones along the macrochannel, consisting of various combinations of trees, shrubs, dwarf shrubs, forbs (herbaceous) and grasses (Myburgh and Breedenkamp, 2004) .
Two sampling trips and time series mapping were conducted for 5 study sites in the Upper Olifants catchment, Mpumalanga Province, South Africa ( Fig. 1) , over the course of June 2009 and November 2011.
Sample collection
After the initial species inventory, 7 common, indigenous and evidently pollution-tolerant riparian species were selected. Phragmites australis, Typha capensis, Juncus effusus, Schoenoplectus corymbosus and Cynodon dactylon have been previously recorded to take up various heavy metals (Batty et al., 2000; Deng et al., 2004; Demirezen and Aksoy, 2006; Fitamo and Leta, 2002; Tangahu et al., 2011) , warranting their analysis for Al, Fe and Mn uptake; while Cyperus haspan and Cyperus marginatus are two locally common species but are unstudied in terms of their bioaccumulation potential.
The percentage abundance of each species was estimated through observation over a 200 m long and 60 m wide stretch of river around the study site (Table 1 ). It was assumed that 100% equals the sum of all species present in the 200 m x 60 m area.
For metal accumulation testing, shoot and root material were collected. Thereafter, 5 g of each specimen was placed into labelled HDPE sample tubes (Remon et al., 2005) . Soil samples were taken from the immediate root zone of each plant sample. Biomass data were collected once-off in 2011. Between 3 and 10 samples of each species were sampled at the 5 sites where they occurred. A square sample size of 20 cm x 20 cm was dug out per specimen, ensuring that all root and shoot material was sampled. Samples were rinsed, wrapped into refuse bags and The pH and electrical conductivity values were measured in situ at the water surface using a Hach SensionTM 156 portable multiparameter (Loveland, USA). Duplicate water samples were collected in pre-rinsed, 1-L polyethylene bottles. Water samples were kept cool in the dark and sent to the laboratory for analysis. Total metal concentrations were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) instrumentation using the APHA et al. (1995) accredited methods.
Soil and plant analysis
Samples were oven-dried for 24 h and homogenised with a ball mill. Ground samples were microwave digested, acid diluted, filtered (Ip et al., 2007) and then freeze-dried at -80°C to remove any moisture content which may dilute the solid content metal concentration. Total metal concentrations were determined by ICP-OES instrumentation using the APHA et al. (1995) accredited methods. Data are reported as mg/kg dry weight (mg/kg dr. wt). The bioconcentration factor (BCF) (ratio soil: root), translocation factor (TF) (ratio root: shoot) and transfer coefficient (TC) (soil: shoot) were calculated (Yoon et al., 2006) .
The extraction efficiency of a plant depends on the metal concentration and the dry weight of harvestable tissue (Bech et al., 2002; Fitamo and Leta, 2010) . The capacity of a plant for phytoextraction and phytostabilization was calculated using Eq. 1:
where: TPML is the total plant metal levels (in g/m 2 of plant), SL is the shoot level (in mg/kg), SBM is the shoot biomass (in g m 2 ), RL is the root level (in mg/kg), and RBM is the root biomass (in g/m²).
GIS mapping of riparian buffer zone
An area of 2 km x 2 km was set around the sampling points in which all human land use, including agriculture, mining and urbanization, were mapped. Hard copies of aerial photographs for each site were obtained from the Chief Directorate of National Geospatial Information (CD:NGI), covering aerial surveys undertaken since 1955. Each historical image was scanned and georeferenced using 3 to 5 ground control points 
RESULTS AND DISCUSSION
Bioaccumulation of Al, Mn and Fe
The capacity of the seven abundant and widespread riparian plant species (Table 1) to bioaccumulate Al, Fe and Mn was investigated by determining the total metal concentration extracted per plant, root versus shoot tissue accumulation and overall plant biomass (Bech et al., 2002; Fitamo and Leta, 2010) . Herein, the possible ecological service they could provide, and potential role in future rehabilitation and remediation efforts along rivers impacted by anthropogenic activities such as acid mine drainage (AMD), could be estimated.
The average root and shoot biomass for the plant species are given in Table 2 ) had the highest overall biomass (Table 2) . Apart from P. australis, all plants had greater root than shoot biomass.
A plant's ability to accumulate or stabilize metals from soils to its root can be estimated by using the BCF, TF and TC ratios. The TF is the concentration ratio defining the translocation of metals from the roots to the shoots and the TC ratio is that between soil and shoot concentrations (Fitamo and Leta, 2010; Yoon et al., 2006) . BCF and TF values greater than 1 are typical indicators for bioaccumulators (Baker, 1981; Baker and Brooks, 1989; Yoon et al., 2006) . Plants are considered useful phytostabilizers if metal concentrations are particularly high in the root system (Fitamo and Leta, 2010) . The bioaccumulation factors for the plant species investigated in the Olifants River catchment are shown in Schoenoplectus corymbosus and T. capensis showed BCFs higher than 1 for all three metals. Additionally, J. effuses had a BCF > 1 for Fe and C. dactylon could bioaccumulate Mn with a BCF of 1.6. No species had TF and TC values above 1 for Al or Fe, whereas for Mn, C. dactylon, S. corymbosus and T. capensis had TF and TCs ranging from 1.05 to as high as 29. The plant species did not accumulate Al, Fe or Mn beyond 10 000 mg/kg of biomass, and are thus not considered hyperaccumulators of these particular metals. Al and Fe did not readily transfer into plant shoot tissue for any of the species, but were rather held within the root tissue zone. This would suggest that the species showed greater potential to adsorb and phytostabilize Al and Fe in the soil, rather than phytoextract these metals into the above-ground plant material. ) and S. corymbosus (1.1 g/m 2 ). Given their higher biomass, S. corymbosus, T. capensis and P. australis would be the most effective phytoextractors of Mn.
There are no previous reports on the metal accumulation ability of the 2 indigenous species, C. haspan and C. marginatus. In the current study, C. haspan and C. marginatus presented with the lowest biomass and neither of the species showed an affinity for the absorption of Al, Fe and Mn from the soil into the plant tissue. These species will therefore not be ideal for metal immobilization in contaminated soils and water.
Typha capensis, S. corymbosus and J. effusus present with the greatest potential to concentrate and phytostabilize Al and Fe. Given the greater biomass of S. corymbosus and J. effusus (Table 2) , these 2 species proved to be the most effective of the 7 species to phytostabilize Al and Fe in the root zone (Fig. 2) . Internationally, the genus Juncus is popular for use in constructed wetlands for margin and embankment stabilization (Tanner, 1996) . In particular J. effusus has shown accumulation of Fe, Pb, Zn, Cd and Cu in polluted soils and it is already used elsewhere in constructed wetlands for AMD remediation (Deng et al., 2004; Mays and Edwards, 2001) . Schoenoplectus species, in comparison, are known for significant nutrient uptake in highflow artificial wetlands (Vymazal, 2011); however, little is known regarding the metal uptake capacity of S.corymbosus specifically.
Although P. australis presents with a reasonably low BCF compared to the other plant species, its total biomass is between 2 and 7 times larger, allowing for larger areas of extraction. Phragmites australis have known benefits in wetlands, i.e., erosion control and filtering of sewage water (Armstrong and Armstrong, 1988; Bromilow, 2010) . They are tolerant of extreme pH differences (Batty et al., 2000) and highly eutrophic conditions with nutrient and heavy metal accumulation (Cr, Ni, Cu and Zn) capability (Bragato et al., 2006; Wang and Jia, 2009) .
Members of the genus Typha have also previously been shown to accumulate other metals (Cd, Cu, Ni and Pb) and are well-known species considered for wetland rehabilitation (Mays and Edwards, 2001) . The large biomass of P. australis available for metal uptake and the high metal accumulation per m 2 of biomass observed for T. capensis should make these species key role players in rehabilitation scenarios.
Riparian vegetation zones
The GIS mapping to map the extent of the riparian zone against a hypothetical buffer zone of 30 m is shown in Fig. 3 . The difference in area between the ideal buffer width Table 3 . The ideal buffer increased over 100% for Site C, due to the included consideration of substantial in-stream vegetation, primarily P. australis.
The spatial analysis of the 5 sampling sites in the upper Olifants catchment suggests that the riparian zones within the catchment are in various states of degradation/intactness. From the natural distribution of species at the 5 study sites in the Olifants River catchment (Table 1) in a hypothetical riparian zone of 12 000 m 2 , the total Al, Fe and Mn accumulated in the separate plant biomass per site is estimated in Fig. 4 . Due to the high biomass and relative abundance, P. australis that was the main phytostabilizer of metals in Sites B and C whereas T. capensis and J. effusus were the primary stabilizers at Site D and Site E, respectively.
To qualify the possible ecological ecosystem service provided by the riparian species and their capability of photostabilizing Al, Fe and Mn in the study sites, the average water and soil metal concentrations were compared. The average water and soil concentrations of Al, Fe and Mn along with the intactness of the riparian area are presented in Fig. 6 . Seasonal sampling had higher metal and nutrient concentrations during the high-flow months. The pH and electrical conductivity of water samples collected from Sites A and B ranged between pH 7.6 and pH 7.7 and 47 and 52.2 mS/m, respectively. The riparian zones in Sites A and B were mostly intact (70 and 77%, respectively) with minimal anthropogenic disturbances. Although the metal concentrations in the soil determined for these ranged in the medium to high end of the scale, the Al, Fe and Mn concentrations for Sites A and B were low and well within the recommended target water quality guidelines (DWAF, 1996) . This is likely due to the absence of major anthropogenic activities and sufficient phytostabilization of the metals in the soil in near-neutral pH conditions. Sites A and B are reference sites which represent the more intact areas with fully functional ecosystem services.
The concentrations of Mn, Al and Fe found in the soil and water vary from site to site and are largely dependent on the surrounding anthropogenic activities as well as the natural geology. Site C and Site D showed the highest metal concentrations in water as well as a low pH (between pH 5.3 and 5.4) and high electrical conductivity, ranging on average between One of the overt differences between Sites C and D is the difference in riparian growth, suggesting low to minimal soil metal stabilization. Comparing these sites, it is postulated that a revegetation of the riparian zone at Site D, including native species investigated in this study, may improve pollutant retention and phytostabilization of Al, Fe and Mn. As such, metals are retained in the soil and extracted into the plants, reducing metal concentrations in river water. Recommendations for a rehabilitation strategy to remediate elevated metal concentrations (Al, Fe and Mn) in this area include:
• Revegetation of the riparian zone to at least 80% intact (from ideal)
• Using a diversity of native, pH-tolerant plant species
• Increasing the total biomass in the riparian zone by introducing P. australis
• Including high metal uptake (BCF) plants such as T. capensis
• Introducing in-stream vegetation
CONCLUSIONS
The Al-, Fe-and Mn-sequestering ability of widely occurring species in the Upper Olifants Catchment, South Africa, was determined for their potential inclusion in water quality rehabilitation efforts. 
